Novel oxathiane spiroketal donors have been synthesised and activated via an umpolung Sarylation strategy using 1,3,5-trimethoxybenzene and 1,3-dimethoxybenzene.
Introduction
The chemical synthesis of complex oligosaccharides presents many technical challenges ranging from lengthy reaction sequences through to problematic purification steps. 1, 2 But such is the biological importance of carbohydrates 3 that solutions for many of these difficulties are on the horizon, for example through 'one-pot' glycosylations using orthogonally activated donors [4] [5] [6] and the advent of solid phase automated oligosaccharide synthesis. 1, [7] [8] [9] [10] Despite these advances, however, stereocontrol over the formation of the glycosidic linkage still remains a challenge, particularly in the synthesis of 1,2-cis glycosides. [11] [12] [13] [14] [15] Much recent work in this field has focussed on the study of stabilised glycosyl sulfonium ions and their stereodirecting ability, [16] [17] [18] [19] [20] [21] [22] including our recent report of oxathiane ketal-S-oxide glycosyl donors 1 for stereoselective 1,2-cis glycosylations (Scheme 1a).
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Scheme 1 a) Umpolung S-arylation strategy for oxathiane ketal-S-oxide donors 1. b)
Oxathiane ketal donor scaffold 4 and oxathiane spiroketal donor scaffold 6.
Attempts to arylate glycosyl oxathianes with benzyne led to the formation of glycosyl acetates. 21 However, oxidation of the oxathiane to give oxathiane ketal-S-oxides 1, and subsequent treatment with Tf 2 O, led to the formation of surprisingly stable activated intermediates which were sufficiently long-lived to undergo electrophilic aromatic substitution in the presence 1,3,5-trimethoxybenzene (TMB). Therefore, conversion of the previously nucleophilic sulfide into an electrophilic S(IV) centre facilitated an "umpolung" approach to S-arylation. The resulting 2,4,6-trimethoxyphenyl (TMP)-oxathiane ketal sulfonium ions 2 then afforded -glycosides 3 with complete stereoselectivity following heating at 50 °C. However, although glycosylation reactions with oxathiane ketal sulfonium ions 4 are notable for the formation of glycosides with complete -stereoselectivity, 19 ,21 the resulting O-2 acyclic ketal formed in the product 5 occasionally decomposed under the reaction conditions, diminishing yields in more challenging glycosylation reactions.
Therefore, in an attempt to circumvent this issue, we set out to design a new oxathiane donor scaffold in which the axial methoxy group was replaced with an O-substituent constrained in a spirocyclic ring (Scheme 1b). It was anticipated that following glycosylation, spiroketal sulfonium ion 6 would afford glycosides 7 bearing an O-2 cyclic ketal which would be more stable than the corresponding O-2 acyclic ketal, but still sufficiently labile to be removed by Lewis acid catalysed cleavage. To this end, we present the synthesis and activation of oxathiane spiroketal-S-oxides via an umpolung S-arylation strategy, and compare theirstereoselectivities in glycosylation reactions with the analogous oxathiane ketal sulfonium
ions. We also demonstrate that the stability and -stereoselectivity of oxathiane spiroketal sulfonium ions in glycosylation reactions can be modulated by changing the S-aryl appendage exogenous to the oxathiane ring. Both TMP and 2,4-dimethoxyphenyl (DMP) sulfonium ions are synthesised and their reactivity and -stereoselectivities compared.
Results and Discussion
The synthesis of the oxathiane spiroketal donor began from pentaacetate 8, which was activated with a Lewis acid in the presence of thiourea to afford an intermediate -glycosyl isothiouronium salt. 23, 24 Thioglycoside 9 was then isolated in 50% yield following treatment with Et 3 N and mesylated dihydropyran 17, which was synthesised from alcohol 16 (Scheme 2). 25 Subsequent deacetylation under Zemplén conditions afforded the unprotected thioglycoside, which was subjected to a regio-and stereoselective acid catalysed cyclisation to afford key oxathiane spiroketal scaffold 10 in 60% yield over two-steps. Acetylation then furnished protected spiroketal 11, which was oxidised with m-CPBA to afford sulfoxide 13 in 93% yield with a diastereomeric ratio of 93:7. The equatorial sulfoxide 13-R was unequivocally assigned as the major diastereomer based on analysis of the geminal coupling constants for the methylene protons adjacent to sulfur. 26, 27 Benzylation of triol 10 similarly led to the protected oxathiane 12 which was oxidised to sulfoxide 14 as virtually a single diastereomer in 30% yield over two-steps. Importantly the structural integrity of the spiroketal ring was confirmed by x-ray crystallographic analysis. The x-ray structure of the acetylated axial sulfoxide 13-S (Scheme 2) illustrates how the interlocked ring configuration benefits from stabilisation by double n(O) *(C-O) overlap.
28-30
Scheme (47%); (f) Et 3 N/MsCl/CH 2 Cl 2 -the crude product 17 was used without purification. The crystal structure depicts an ellipsoid probability of 50%.
With spiroketal-S-oxide 13-R in hand, umpolung S-arylation using triflic anhydride and TMB was attempted ( Figure 1 It was pleasing to note that glycosylation reactions using spiroketal donors required significantly less glycosyl acceptor than analogous reactions Previously, it was found that the higher concentrations of acceptor were needed to avoid a competing glycosylation reaction involving MeOH that can be released from glycoside products bearing the methyl ketal protecting group on O-2. 19 This side reaction was found to be equally problematic at either 50 °C or room temperature. However, the increased stability of the O-2 cyclic ketal protecting group under the reaction conditions successfully avoids comparable side reactions.
Although no quantitative comparison of the stability of the O-2 acyclic and cyclic ketal was performed, analysis of the crude reaction mixtures following glycosylation reactions using methyl ketal donors revealed significant loss of the O-2 acyclic ketal, while far less cleavage of the O-2 cyclic ketal was observed following reactions employing oxathiane spiroketal donors. The lower yields in reactions using spiroketal donors 13-R and 14-R, compared to the analogous reactions using the methyl ketal donors 25-R and 26-R (1.5 equiv. in entries 1-4 vs.
2.5 equiv. in entry 7, or 5 equiv. in entry 8) may be a result of competing intramolecular glycosylation. However, no conclusive evidence for the formation of any resulting bicyclic-O-glycoside products could be obtained, even prior to the Lewis acid catalysed cleavage step.
Although still highly -stereoselective, the spiroketal sulfonium ions 21 were less stereoselective than the corresponding methyl ketal sulfonium ions 23. 19 This difference is intriguing considering both sulfonium ions appear to have comparable reactivity and both scaffolds contain a ketal substituent in the oxathiane ring. Recently, it has been proposed that the complete -stereoselectivity of ketal sulfonium ions 23 may be a direct result of their inherent stability. 33 This theory is based on the assumption that ketal 23 can exist in either its bicyclic sulfonium ion form, or in a ring opened oxacarbenium ion form. 18, [34] [35] [36] In a manifestation of the Thorpe-Ingold effect, 37,38 the ketal group is proposed to stabilise the cyclic sulfonium ion, thus promoting an 'S N 2-like' -stereoselective glycosylation.
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However, from a comparison of the results reported in table 1, it seems unlikely that thestereoselectivity of sulfonium ions 23 results simply from stabilising the oxathianium ion with a ketal group; instead it would appear that stereoselectivity may also be influenced by the other substituents on the oxathiane ring.
Therefore, our attention turned next to the S-aryl appendage on the sulfonium ions.
2,6-Dimethoxyphenyl (DMP) sulfonium ions 22 and 24 were prepared to study the effects of removing a methoxy group from the aromatic ring. Activation of the oxathiane ketal-S-oxide
25-R in the presence of dimethoxybenzene (DMB) and addition of primary alcohol 19
afforded the desired -glycoside 20 in 62% yield (Table 1 , entry 9). The yield of the desired -glycoside was lower than in the case of TMB activation (Table 1 , entry 7), as a result of concomitant formation of the analogous -methyl glycoside in 12% yield; nevertheless, both glycosides were still formed with complete -stereoselectivity. However, when spiroketal-Soxide 13-R was activated in the same fashion, the resulting DMP-sulfonium ion afforded glycosides with lower -stereoselectivity than observed for the TMP-sulfonium ion. which was less -stereoselective than the corresponding glycosylation using the TMPsulfonium ion ( : 98:2, Table 1 , entry 2).
We wondered if the reduction in -stereoselectivity on moving from TMP sulfonium ions to DMP sulfonium ions would be accompanied by any differences in reactivity of the spiroketal sulfonium ions. To this end, the reaction of MeOH with equimolar amounts of TMP sulfonium ion 18 and DMP sulfonium ion 30 was monitored by 1 H-NMR spectroscopy in CD 2 Cl 2 ( Figure 2 ). aromatic group should stabilise the positively charged sulfonium ion more effectively. 18, 42 This reactivity difference may also be reflected in the H-1 proton shifts for the sulfonium ions, as the more reactive and less stabilised DMP sulfonium ion 30 has the lowest field H-1 signal at 5.9 ppm compared to the more shielded TMP sulfonium ion H-1 signal at 5.75 ppm.
Therefore, the decrease in the -stereoselectivity of glycosylation reactions using the DMP sulfonium ion 30 compared to the TMP sulfonium ion 18 is accompanied by an increase in reactivity of the sulfonium ion. A similar trend was observed when increasing the reactivity of the sulfonium ions by moving from ester to benzyl ether protecting groups. 33 However, due to the limited scope of this study, care must be taken not to over interpret this correlation between reactivity and -stereoselectivity.
In conclusion, the synthesis and reactivity of new oxathiane spiroketal glycosyl donors have been described. The aryl sulfonium ions derived from the oxathiane spiroketal-S-oxides 13-R and 14-R have comparable stability to analogous sulfonium ions derived from other oxathiane ketal donors, but afford glycosides with lower -stereoselectivities than those reported previously. 19 Stereoselectivity could be improved by changing the protecting groups on the sugar ring (esters vs. benzyl ethers) or the S-aryl appendage (TMP-sulfonium ion vs.
DMP-sulfonium ion). Although these changes in stereoselectivity appear to correlate with the stability of the sulfonium ions, the stabilising effect of an oxygen substituent on the oxathianium ring is not sufficient to explain the high -stereoselectivity of the oxathiane ketal donors. 19 The difference in reactivity between TMP and DMP sulfonium ions in the spiroketal series potentially offers a strategy for 'arming' or 'disarming' oxathiane glycosyl donors without changing protecting groups.
Experimental

General Methods:
All solvents were dried prior to use, according to standard methods. 43 Trifluoromethanesulfonic anhydride (Tf 2 O) was distilled under a N 2 (g)
atmosphere. Boron trifluoride diethyl etherate (BF 3 ·OEt 2 ) was distilled over calcium hydride, and all other commercially available reagents were used as received. Where appropriate anhydrous quality material was purchased. All solvents used for flash chromatography were GPR grade, except hexane and EtOAc, when HPLC grade was used. All concentrations were performed in vacuo, unless otherwise stated. All reactions were performed in oven dried glassware under a N 2 (g) atmosphere, unless otherwise stated. 1 H NMR spectra were recorded at 500 MHz on a Bruker Avance 500 instrument or at 300 MHz on a Bruker Avance 300 instrument. 13 C NMR spectra were recorded at 75 MHz on a Bruker Avance 300 instrument. 
(3,4-Dihydro-2H-pyranyl)-methyl 2,3,4,6-tetra-O-acetyl-1-thio--Dglucopyranoside (9)
Thiourea ( 
(6S)-1,7-Dioxa-4-thia-(1,2-dideoxy--D-glucopyranoso)[1,2-b]-spiro[6.6]undecane (10)
A solution of sodium methoxide (380 mg, 6.95 mmol) in anhydrous MeOH (10 mL) was Analytical data was identical to that reported previously. washed with 1M HCl (3 x 10 mL), aq. NaHCO 3 (2 x 10 mL) and aq. NaCl (2 x 10 mL) and concentrated to afford a crude oil. The crude oil was dissolved in DCM (1 mL), cat. Measurements were carried out at 150 K on a Bruker-Nonius Apex X8 diffractometer equipped with an Apex II CCD detector and using graphite monochromated Mo-K radiation from a FR591 rotating anode generator. The structure was solved by direct methods and refined using SHELXL-97. Compound 13-S crystallises in the chiral space group C2. All non-hydrogen atoms were refined anisotropically. Most hydrogen atoms could be located in a difference Fourier map but, following refinement, their positions were unstable. In the final
General procedure for glycosylation reactions with oxathiane spiroketal-S-oxides
Isopropyl 3,4,6-tri-O-acetyl--D-glucopyranoside (28) (
stages of the refinement, they were placed in calculated positions and refined using a riding model. C-H distances: CH 3 , 0.98 Å; CH 2 , 0.99 Å; CH, 1.00 Å. All Uiso(H) values were constrained to be 1.2 times (1.5 for methyl) Ueq of the parent atom. Anomalous dispersion effects were sufficient to determine the absolute configuration since the Flack parameter refined to 0.07 (14) . There is a high positive residual density of 1.45 e Å -3 at a distance of 1.28
Å from S1. This is in the approximate position of the S1 lone pair. If this peak is modelled as an oxygen atom then the S1-O distance is 1.333 Å and the oxygen atom has an ellipsoid with an unreasonably large axis. The electron density associated with O1 is 5.15 e Å -3 and the S1-O distance is 1.436 Å. Thus, the sulfoxide 13-S was considered to be the most reasonable model.
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